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A melt-extraction technique, using a sharpened molybdenum wheel, has been used to

produce fine oxide ceramic fibres. Wetting of the molybdenum wheel by molten ceramic is
a key parameter in the melt-extraction process. Two types of fibre are generally obtained,
depending on the extraction speed. At very low wheel speed, fine and uniform fibres of high
quality are produced. However, when the wheel speed exceeds a critical velocity, Rayleigh
waves are formed on the free surface of the fibres. Moreover, the average fibre thickness first
increases with the wheel velocity, then passes through a maximum, decreasing at high

velocity. This thickness variation is discussed in terms of both surface tension and viscosity

of the liquid ceramics.

1. Introduction

The demand for materials with high mechanical and
thermal performance has led to the development of
metal— and ceramic—matrix composites (MMCs and
CMCs). Incorporation of fibres (continuous and dis-
continuous) in MMCs and CMCs improves the phys-
ical and mechanical properties of monolithic metal
alloys and ceramics.

Ceramic fibres can exhibit good mechanical proper-
ties (e.g. high tensile strength and elastic modulus) and
favourable physical and chemical properties (e.g. low
density, inertness, and high oxidation resistance at
elevated temperatures). Fibres such as Al,O5, SiC, and
carbon have been used to improve the properties of
metal alloys, ceramics, and glasses [1].

Various methods have been used to make ceramic
fibres, such as chemical vapour deposition (CVD),
sol-gel methods, slurry spinning and fibre drawing
[2]. Rapid solidification technology (RST), e.g. melt
extraction, can also be used to produce both ribbon
and fibre. An advantage of RST is that the fibres are
produced directly from the melt.

Melt extraction was developed in 1974 by Maringer
et al. for the production of metal fibres [3-5]. They
divided the technique into crucible melt extraction
(CME) and pendant drop melt extraction (PDME) as
shown in Fig. 1. The method (in one or other of its
forms) was successful in making amorphous or cry-
stalline metallic fibres. For example, large numbers of
amorphous iron-based alloys, steel, titanium and its
alloys, etc., have been extracted from their corres-
ponding melts [6]. However, there have been few
attempts to produce ceramic fibres using CME or
PDME [7-9]. Schwartzkopf et al. [7,8] used the
PDME method to produce superconducting oxide
fibres of compounds containing yttrium, barium,
copper, and strontium oxides. No structural applica-
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tion has ever been sought for melt-extracted ceramic
fibres. The CME method was also used to produce
thick fibres or ribbon-like products of some oxide
ceramics [9]. The main difficulty involved in the melt-
extraction of ceramics is their very high melting tem-
peratures and associated problems, such as oxidation,
dissociation, and severe reactions with the contain-
ment material at elevated temperatures.

Recently, we have reported [10] a development of
the melt extraction process which proved capable of
producing very high-quality fibres of oxide ceramics
with diameters down to 5 um. The resulting materials
have high fracture strength (up to 6 GPa) and, fre-
quently, exceptional flexibility. The process is, there-
fore, very promising for producing ceramic fibres for
reinforcement. In the present article we examine in
more detail, the way in which the parameters of the
extraction process control the morphology and micro-
structure of oxide fibres.

2. Experimental procedure

Fig. 2 shows a schematic illustration of the melt-ex-
traction system used. The extiracting wheel 1s a disc of
molybdenum with a very sharp tip (wheel tip radius
< 20 pm). Initially, oxy-propane and oxy-acetylene
torches were used to melt a sintered pellet of a desired
mixture of oxide ceramics (Fig. 2a). To increase the
melt temperature, improve the control of the melt
stability, and provide brief contact with the molyb-
denum wheel tip, a 150 W CO, laser beam was used
with the sample in the form of an extruded rod which
was fed slowly on to the wheel edge (Fig. 2b).

For the present work, four combinations of oxide
ceramics were studied, as shown in Table 1. Eutectic
compositions were selected due to lower melting
points and their stronger tendency to become
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Figure 1 Schematic drawings of (a) crucible melt extraction (CME)
and (b) pendant drop melt extraction (PDME) techniques.

amorphous. Mixtures of oxide powders were initially
attrition milled for 2 h with water and alumina media
(because CaO reacts with water, iso-propanol was
used as a fluid for attrition milling of CaO-Al,O;
powders). Then, the prepared slurry was dried in
a microwave oven. The powder was either die-pressed
into 5 mm diameter pellets or extruded into 2.5 mm
diameter rods. A plasticizer (8 wt % starch) was added
together with water to aid the extrusion process. The
extruded ceramic was dried for 24 h at room temper-
ature. In both cases, sintering was performed at
1500°C for 1 h in air.

Before starting extraction, a sintered rod was placed
inside a BN guide, attached to the feeding system and
melted by the laser (see Fig. 2b). After forming a liquid
droplet just beneath the wheel tip, the molten drop
was slowly brought into contact with the rotating
wheel by feeding the rod at a speed of 3 mmmin~*
(almost 15 mm?®min~1). It should be noted that the
laser power was insufficient to melt the ceramic rod
when the feed rate was increased to high values.
Therefore, to maintain the melt temperature constant,
only one feeding rate (3 mmmin~') was used for all
extraction velocities. Various extraction rates were
examined with tangential wheel speeds in the range of
1-65ms ™. Ceramic fibres were then extracted under
appropriate conditions.

A key parameter in controlling the quality of fibres
extracted is the wetting of the molybdenum wheel by

TABLE I Composition of oxide ceramics studied
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Figure 2 Schematic drawings of melt extraction using (a) oxy-fuel
torch and (b) a CO, laser.

the molten ceramic. The wetting behaviour in the
melt-extraction technique is different from that found
in a conventional wetting test, such as the sessile drop
test. Therefore, a test was designed which partially
simulates the transient wetting behaviour of the hot
liquid ceramic in contact with a cold molybdenum
surface. A small bead (~2 mm diameter) of the sin-
tered oxide ceramics was placed on top of a 1 um
polished molybdenum plate. The sample was quickly
melted after being exposed to the laser beam. The
molten ceramic formed a tiny spherical drop. Laser
heating was only continued for approximately 5 s after
which the laser was turned off and the drop rapidly
solidified. A contact angle formed at the contact sur-
face with the molybdenum substrate. Fig. 3 shows
a schematic drawing of the apparatus. The sample
(glued to a plate) was examined with an optical micro-
scope equipped with a calibrated vernier stage in or-
der to measure the contact angle.

The temperature of the molten drop was measured
by an infrared pyrometer (Minolta/Lands Cyclops 52)

Compounds

Wt % (mol %)

Approximate melting
temperature (°C)

Ca0-ALO; (CA)
Z10,-Al,0; (ZA)
Z10,-AL05-Si0; (ZAS)
Z1r05-Al,0,-TiO, (ZAT)

35.2-64.8 (50~50) 1600

42.6-57.4 (38-62)
31-53-16(24.3-50-25.7)
44-42-14(37.8-43.6-18.6)

1890
1780
1610
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Figure 3 Schematic drawing of the wetting test apparatus.

assuming an emissivity of 0.3. Measuring the temper-
ature was crucial, but difficult, due to the very small

size of the droplet (~4 mm diameter) and uncertain,

emissivity of the oxide systems studied.

Melt-extracted fibres were studied by optical
microscopy and scanning electron microscopy (SEM,
Jeol-JSM 840A) to investigate the fibre geometry and
morphology. For the SEM study, crushed fibres were
placed on carbon adhesive tape and then coated with
Au/Pd using a sputter coater. The degree of crystal-
linity of fibres was examined by XRD (Phillips diffrac-
tometer APD1700) of crushed fibres using Cuk,
radiation (at 40 kV and 20 mA).

To study the contact geometry between the liquid
drop and molybdenum wheel, a stercomicroscope was
used and attached close to the contact area. A magni-
fied image of the contact geometry at up to 50 times
was obtained.

3. Results

Sessile drop tests have shown typically poor wetting
between oxide ceramics and molten metals or alloys
(i.e contact angle around or greater than 90°) [11].
The results of the present wetting test showed that the
contact angle varied between 140° and 160° for all the
ceramics, indicating poor wetting. It was, therefore,
expected that some difficulties would be encountered
in the extraction of ceramic fibres. Extraction using
a gas torch provided moderate temperatures
( < 2000°C). However, the heat losses from forced
convection (additional to radiation loss) caused by the
gas rotating with the wheel, limited the temperature
capabilities of the system. Therefore, poor wetting
occurred, extraction was very difficult and the product
at medium to high speed mainly consisted of very
small spheres. However, the laser achieved higher tem-
peratures (2300 + 100 °C) and so there was a signifi-
cant improvement in the extraction process and
ceramic fibres were obtained. Using laser heating,
extraction of all molten ceramics proceeded smoothly
at wheel speeds exceeding 2 m s~ '. However, at low
wheel velocity, (ie. <1ms™!) no ZA fibre could be
extracted.

Generally, fibres with two distinct geometries were
obtained (Fig. 4). At low speeds (1.5-3 ms™ '), extrac-
tion initially produced uniform fibres with almost
circular cross-sections depending upon the wheel tip
radius. As the velocity increased beyond 4 ms™! the
extracted material became non-uniform. Because only

Figure 4 ZAT fibres extracted at (a) low, (b) medium, and (c) high
wheel velocities (1.5, 10, and 50 ms™ !, respectively).

a certain thickness of the extracted layer was rapidly
solidified on the wheel tip, the remaining liquid layer
tended to bulge or spherodize due to the effects of
surface tension and hence the shape of the extracted
fibre was no longer uniform. These fibres usually con-
sisted of a smooth thin section with periodic hemi-
spherical balls (Rayleigh waves). The dimensions of
each were designated d and h, respectively, as shown
schematically in Fig. 5.

Waves start to form above a critical wheel speed
(Vix3ms™ 1) or fibre thickness, d*, depending upon
the temperature, ceramic material, and wheel tip
radius. They continued to grow up to a certain wheel
speed (V5~10 m s~ *) and then decreased with further
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Figure 5 Schematic drawing of (a) a uniform fibre, and (b) a fibre
with Rayleigh waves.
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Figure 6 Typical variation of fibre thickness (——) h and (-—-) d)
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Figure 7 X-ray diffraction of fine and uniform ZAT fibres.

increase in the wheel velocity (V >V'%). Typical vari-
ations of the & and d versus wheel speed are shown in
Fig. 6.

Magnified observation of the droplet in the contact
with the molybdenum wheel tip indicated the details
of the contact geometry, ie. the thickness of the
extracted layer and curvatures formed in dynamic
wetting (sec Fig. 10b below).

Very fine uniform fibres, which rapidly solidify on
the wheel tip, tend to be amorphous depending upon
their glass formability and thickness. Fig. 7 shows the
X-ray powder diffraction pattern of ZAT fibres, indic-
ating the amorphous nature of the fine uniform fibres.

1038

Figure 8 Surface morphology of (a) thin and (b) thick fibres.

However, with increasing fibre thickness, the mean
solidification rate decreases. In fibres having Rayleigh
waves, fast and slow cooling rates are experienced in
the thin, d, and thick, A, sections respectively. A variety
of microstructures and phases can, therefore, be ob-
tained at various thicknesses for a given material
Fig. 8 shows the morphology of a smooth and a thick
fibre. Solidification of the thick sections at lower cool-
ing rates resulted in crystallization and defect forma-
tion as shown in Figs 8b and 4b.

4. Discussion

The governing factors in the process can be generally
divided into (a) process parameters such as wetting
behaviour, wheel speed, wheel tip radius, and feed
rate, and (b) liquid ceramic properties, e.g. surface
tension and viscosity (temperature dependent proper-
ties). Glass formability and thermal conductivity of
the wheel and ceramic materials are other important
parameters involved in the extraction.

Generally, the main requirement for extraction of
any type of ceramic fibre is the wetting of the (molyb-
denum) wheel tip by the liquid ceramics. Gas heating
led to the formation of tiny droplets at low temper-
atures and medium to high wheel speeds. This can be
attributed to the poor wetting behaviour (i.e. relatively
high surface tensions of the liquid ceramics and their
interfaces with the molybdenum wheel tip) which hin-
dered heat removal. Therefore, the extracted material
remained liquid and became quickly spherodized into
tiny particles. On the other hand, higher temperatures



and consequently lower surface tensions were
achieved with laser heating. This improved the wetting
between the cold molybdenum wheel tip and hot
liquid ceramic, hence extraction was feasible.

During melt extraction, the characteristics of the
wetting are different from the sessile drop test which is
a routine test for the evaluation of wetting. In melt
extraction, wetting is a dynamic process due to the
rotating wheel and there is an additional shear force
involved. Moreover, the wheel tip is cold whereas the
sessile drop method is isothermal. These factors make
the wetting behaviour in the melt extraction process
quite distinct; nonetheless, we may apply the same
approach as Young [12]. Fig. 9 shows of the contact
geometry in static wetting (stationary wheel) and
dynamic wetting. In dynamic state, the substrate is
moving and a shear force, 1, is applied which is due
to drag forces at the wheel/liquid interface.

In an isothermal static wetting or the sessile drop
test, Young’s equation for equilibrium contact angle,
9, is as follows

COos (e) = (’st - YSI)/YIV (1)

in which v is the surface energy and subscripts of s, 1,
and v indicate the solid, liquid, and vapour, respec-
tively. It should be noted that in the sessile drop test,
all components are at the same temperature.

In general, wetting can be improved if y,, increases
or y4 and/or v,, decreases. The surface tension of solid
molybdenum (7y,,) is very high because the molyb-
denum substrate was essentially at room temperature
(note that the surface tension of molybdenum at its
melting point is very high and around 2000 mJm ™2,
thus its surface energy at room temperature is much
larger) [13]. This apparently favours the wetting be-
haviour because during the wetting molybdenum sur-
face is replaced by an interface which might have
lower surface energy. Another contributing factor is
the surface tension of the liquid ceramics, v,,, for which
data are rarely available. However, it seems that they
are relatively high, e.g. the surface tension of molten
alumina is around 575mJm~2 at 2200°C [14]. It
should be pointed out that high surface tension of
liquid ceramics decreases wetting, whereas high sur-
face energy of cold molybdenum improves it. How-
ever, very poor wetting was generally observed. Thus,
it seems that the surface tension of the interface be-
tween the liquid ceramic and solid molybdenum, vy,
has a significant effect on wetting and large v, results
in poor wetting, which seems to be the case observed
in the wetting test. Moreover, compared to an isother-
mal test (i.e. sessile drop test), the interfacial energy is
higher because the molybdenum substrate is cold. It is
suggested that v, is so high that it limits the wetting
significantly and the large contact angles (140°-160°)
obtained are attributed to this fact. Generally, the
wetting phenomenon in the melt extraction of ceram-
ics is very complicated. For example, solidification of
the liquid drop on the cold substrate {(during spread-
ing) plays an important role. It apparently acts as
a large barrier for the liquid drop to spread on the
substrate. However, an important point is why, des-
pite having such large contact angles, melt extraction

Rotation direction of
'Mo wheel

!
Downstream contact \

4 angle

Upstream contact

! angle

0, Quasi-equilibrium
contact angle

Figure 9 The wetting phenomenon in the melt extraction for (——)
static and (——-) dynamic states. A shear stress, 7, is applied at the
interface in the dynamic wetting.

was feasible. This can be attributed to the rotation of
the wheel which is discussed below.

Referring to Equation 1, it seems any term which
increases the numerator of Equation 1, i.e. (Yo — Y1),
also improves the wetting. Shear increases the latter
because it spreads the droplet on the substrate at point
A (see Fig. 9). However, on the other side of the drop-
let (point B), the effect of shear on wetting would be
reversed. Therefore, the apparent downstream contact
angle, 8,4, decreases while the apparent upstream con-
tact angle, 0,, increases. A decrease in the 64 improves
the wetting behaviour. The variation of contact angle,
as a result of shear stress, is similar to the hysteresis of
contact angle of a drop on an inclined surface [15].

Because the wetting test showed very large contact

angles (i.e. poor wetting) whereas fibre extraction was
achieved, it seems that shear stress has a significant
effect on the enhancement of the wetting and feasibil-
ity of fibre extraction.

The extraction of ceramic fibres proceeded smooth-
ly at wheel speeds exceeding 2 ms~! for all composi-
tion studied, but at lower speeds some difficulties were
encountered in extraction of ZA material. At very
low-speed extraction ( < 1 ms™') the shear stress is
small. Therefore, it is suggested that if the surface
tensions of the molten ceramic and also the interface
between the hot liquid ceramic and cold molybdenum
substrate are relatively low, the extraction proceeds
smoothly by aid of this small shear force (e.g. extrac-
tion of ZAS, ZAT and CA fibres). On the other hand,
it is difficult to extract fibres for materials which ap-
pear to have high surface energies (c.g. extraction of
ZA fibre). However, as the speed increases, the shear
stress at the interface increases, decreasing the down-
stream contract angle, and switches the process from
non-wetting to wetting. Hence, a layer of the droplet is
dragged out and the extraction is initiated even for
high surface energy materials, We may notice that
when the shear stress at the interface is large, a modi-
fied form of Equation 1, which takes into account
the effect of the shear stress, cannot be applied. Under
this condition the flow characteristics (not surface
energies) are dominant in establishing the contact
geometry including apparent contact angles. This will
be further discussed below. In summary, it can be
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generally said that shear at the contact surface im-
proves the wetting and may allow fibres to be extrac-
ted despite the fact that the wetting test (Fig. 3)
showed very poor wetting.

Variation of the fibre thickness versus the wheel
speed (Fig. 6) can be divided into two regions; {a} very
low to medium wheel speed (1-10 ms ™), and (b) me-
dium to high speed ( > 10 ms™'). In the latter speed
range, the fibre thickness decreases with the wheel
speed and this behaviour is expected. However, in the
lower speed range, increasing the wheel speed has the
opposite effect on the fibre size, i.e. it increases with the
wheel velocity. This is considered to be rather anomal-
ous behaviour.

In general, as the wheel speed increases, the fibre
thickness decreases. The reason is the decrease in the
contact time, ¢ (the contact length, I, over the wheel
speed, V; t = I/V) between the wheel tip and the mol-
ten droplet. To explain the anomalous behaviour for
the low-speed region, it should be pointed out that
two important liquid ceramic properties are involved:
surface tension and viscosity. Fundamentally, at
a given speed, the thickness of the extracted layer
depends upon the momentum and thermal boundary
layer thicknesses or a combination of both [16]. How-
ever, it scems that in the melt-extraction of ceramic
fibres, the extracted thickness is controlled by the
momentum transfer because of the higher viscosity of
molten ceramics and their poor thermal conductivity
{(compared to metals). Formation of waves also shows
that the extracted layer is partially liquid after leaving
the droplet. There is also evidence that thick fibres
remain partially liquid even a few centimetres after
leaving the wheel. Therefore, the momentum bound-
ary layer seems to be considerably thicker than the
thermal boundary layer. Magnified observation of the
droplet in contact with the wheel tip showed the
thickness of the extracted layer and the curvatures
formed during the extraction {Fig. 10). It seems that
surface tension, or the presence of curvature, r,, tends
to limit the motion of fluid as it achieves a certain
momentum. In other words, momentum transfer
spreads out the liquid drop while the surface tension
tends to form a sphere, resisting the spreading action
of the wheel. Thus, surface tension contracts the thick-
ness of the extracted layer and consequently the fibres.
Moreover, it can be inferred from these results and the
literature [16] that as the speed increases, the effect of
surface tension gradually diminishes, while the viscos-
ity, through which the shear force penetrates, becomes
more dominant. In other words, for medium to high
wheel velocities the effect of surface tension becomes
negligible compared to viscosity in controlling the
thickness of the extracted layer. Therefore, the govern-
ing material parameter in the declining region of
Fig. 6 (ie. V > V%) is the viscosity of the liquid
ceramic. Inverarity [17] suggested that the description
of the dynamic contact angle was mainly viscosity-
dependent and indicated that surface tension was rela-
tively unimportant in a system of high-speed dynamic
wetting.

Variation of fibre thickness with the wheel speed
can also be altered by the feed rate. However, as
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Figure 10 Magnified contact geometry of the liquid droplet and the
molybdenum wheel tip. (a} Real contact geometry, and (b) a sche-
matic showing the imaginary momentum boundary layer and the
thickness of the extracted layer and fibre.

mentioned, it is crucial to maintain the temperature of
the molten droplet on the ceramic rod constant be-
cause any variation would affect the surface tension
and viscosity of the liquid ceramic. Therefore, the feed
rate of the ceramic rod was kept constant, regardless
of the wheel velocity. It should be pointed out that this
can change the geometry of the contact area which, in
turn, affects the fibre thickness. Therefore, as the speed
increases, it appears that the area of contact and the
thickness of the extracted fibre decrease concurrently.
Nonetheless, the fibre thickness initially increases and
then decreases which implies that the change in the
contact area is probably not significant. It is, therefore,
suggested that even if the feed rate is changed so as to
maintain the ratio of the feed rate to the wheel speed
constant, then the same type of curve, as shown in
Fig. 6, would be obtained.

Fibre geometry is also affected by the surface energy
of liquid ceramics. Although, as already mentioned,
the effect of surface tension on controlling the extrac-
ted layer thickness diminishes as the wheel speed
increases, it definitely affects the fibre geometry re-
gardless of the speed. Indeed, the formation of the fine
fibres with almost circular cross-sections at low-speed
(1-3ms™") and Rayleigh waves at wheel speeds
exceeding 4 ms™! on the free side of the fibres is
governed by the surface tension of the liquid ceramic.



Surface tension of a liquid tends to minimize the
surface area because low surface area is energetically
favourable. Therefore, circular cross-section fibres and
Rayleigh waves are quickly formed to reduce the ex-
posed surface area.

This phenomenon is well known for a jet of a liquid
[18]. In this case, surface tension destabilizes the jet
stream and finally it breaks up the jet into fine drop-
lets. The Rayleigh waves formed on a liquid stream
before its break-up are well-known and documented
[19]. In the melt-extraction process, because solidifi-
cation is simultaneously occurring with extraction
(provided there is enough wetting), the destabilizing
effect of surface tension cannot result in fibre or stream
break-up. Hence, frozen Rayleigh waves are seen on
the free side of the extracted fibres (Figs 4 and 5). It
should be pointed out that during extraction using gas
heating, the wetting was so poor that almost no solidi-
fication occurred in contact with the wheel. In this
case, the Rayleigh instabilities grew to such an extent
that they caused the extracted layer to disintegrate
and so small spheres were formed rather than a con-
tinuous fibre.

The critical speed to start forming Rayleigh waves,
V%, depends on the temperature, because controlling
parameters, i.c. surface tension and viscosity are tem-
perature dependent. Wheel-tip radius and immersion
depth of the wheel tip into the liquid droplet also alter
V. Rayleigh waves are formed when the speed or the
fibre thickness exceeds a certain limit (V > V¥ or
d > d*). In this case, an extracted fibre is partially
solid while travelling on the wheel tip or upon leaving
it. Because the solidification rate drops as the fibre
thickness increases, the cooling rate is not high
enough to solidify the whole fibre immediately. The
surface tension then dominates and forms the
Rayleigh instabilities. The thicker the extracted mater-
1al, the larger are the Rayleigh waves formed on the
fibre-free surface.

Fig. 6 shows that h varies significantly with the
wheel speed, while d remains more or less constant. It
1s thought that this thickness, d, is mainly controlled
by the rapid solidification of the extracted layer on the
wheel tip before it starts to flow under the effect of
surface tension and to form Rayleigh waves. For
a given wetting behaviour, it seems that three factors
determine the value of d and are as follows: (a) the
thermal conductivity of the liquid and solid ceramic,
(b) the wheel tip radius, and (c) the depth of wheel tip
immersion into the liquid droplet. The relatively low
thermal conductivity of ceramics, small wheel tip
radius, and shallow depth of immersion decrease the
value of d and vice versa.

Once Rayleigh waves are formed, the fibres no lon-
ger exhibit uniform shape hence various cooling rates
are experienced in the thin and thick sections. There-
fore, a variety of microstructures can be obtained (Figs
4 and 8). Cooling rate is governed by the heat-transfer
mechanism which, for fine uniform fibres, is predomi-
nantly conduction. However, if solidification of the
almost whole extracted layer does not occur suffi-
ciently fast or a ceramic fibre leaves the wheel tip while
it is still partially liquid, the dominant heat-transfer

mechanism changes from conduction to a combina-
tion of conduction and radiation. This, in turn,
decreases the cooling rate of the extracted layer.
Therefore, the liquid layer forms waves, and low and
high cooling rates are experienced, in the thick and
thin sections of the fibres respectively. Slow cooling
rates in the thick regions increase the probability of
crystallization. Significant shrinkage is associated
with ceramic crystallization, and it is accompanied by
the formation of porosity and cracks depending upon
the cooling rate and is illustrated in Fig. 8b.

5. Conclusion

Melt-extracted oxide ceramic fibres can be produced
using an oxy-fuel torch, and/or a CO, laser, and
a sharp molybdenum wheel. The main requirement in
the process is wetting between the extraction wheel tip
and molten ceramics. A specially designed wetting test
which simulates the transient wetting behaviour oc-
curring during the melt extraction showed that there
was poor wetting in the process. However, the pres-
ence of a shear force at the interface between the liquid
droplet and the molybdenum wheel tip improved the
dynamic wetting and initiated the extraction process.
Extracted fibres at low speed were uniform, but with
increasing extraction speed, the fibres became thicker
and Rayleigh instabilities formed on the free side of
the fibres.

An anomalous behaviour of fibre thickness versus
the wheel velocity was obtained for low wheel speeds
( < 10 ms™*). This behaviour is related to the compet-
ing effects of the surface tension and viscosity. Surface
tension tends to restrict the thickness of the extracted
layer and this can be seen especially at low speed
(< 10ms™'). However, at moderate to high speed
(> 10 ms™ 1), surface tension has a negligible effect on
the thickness of the extracted layer compared to the
viscosity effect. Therefore, for this range of speeds, the
extracted layer thickness, which is believed to be gov-
erned by momentum transfer, is basically controlled
by the liquid ceramic viscosity. Thus, an increase in
the wheel velocity decreases the contact time and
consequently the extracted layer and fibre thicknesses.
Formation of thin and thick sections in fibres is asso-
ciated with high and low cooling rates. Therefore,
a variety of microstructures can be obtained.
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